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in -pf Colhsions at y^ =1.96 TeV 



T. Aaltonen,^-'^ B. Alvarez Gonzalez^ ,^ S. Amerio,^° D. Amidei,"^^ A. Anastassov^/''' A. Annovi,-'^'^ J. Antos,"'^^ 

G. Apollinari,^^ J. A. Appel/^ T. Arisawa,^^ A. Artikov,^^ J. Asaadi,''^ W. Ashmanskas,^^ B. Auerbach,^'^ 

A. Aurisano,^^ F. Azfar,^^ W. Badgett/^ T. Bae,^^ A. Barbaro-Galtieri,^^ V.E. Barnes,'*^ B.A. Barnett,^^ 

P. Barria'''',42 p. Bartos,!^ M. Bauce-^'^,'^° F. Bedeschi,*^ S. Behari,^^ G. BellettiniS9,42 j^ Bellinger,^^ 

D. Benjamin/^ A. Beretvas/^ A. Bhatti,^^ D. Bisello-^^,-*" I. Bizjak,^^ K.R. Bland,^ B. Blumcnfcld,^^ A. Bocci," 

A. Bodek,45 D. Bortoletto,"" J. Boudreau,^^ A. Boveia," L. Brigliadori'=%6 C. Bromberg,^^ E. Brucken,^! 
J. Budagov,i3 H.S. Budd,^^ K. Burkett/^ G. Busetto^/,4° P. Bussey,!^ A. Buzatu,^! A. Calamba,io C. Calancha,^^ 
S. Camarda,'' M. Campanelli,^^ M. Canipbell,32 p_ Canelli,"'!^ B. Carls,^^ D. Carlsmith,^^ j^_ Carosi,''^ 
S. Carrillo™/^ S. Carron/^ B. Casal*=,^ M. Casarsa,^° A. Castro'=^^ P. Catastini,^" D. Cauz,5° V. Cavaliere,^^ 
^ M. Cavalli-Sforza,4 A. Cerri-'^,^^ L. Cerrito^28 Y.C. Chen/ M. Chertok/ G. Chiarelli,42 G. Chlachidze,!'^ 

^H F. Chlebana,i5 K. Cho,^^ D. Chokheli," W.H. Chung,^^ Y.S. Chung,*^ M.A. Ciocci'''',42 A. Clark/^ C. Clarke,^^ 

O G. Compostella-''/,4° M.E. Convery/^ j. Conway/ M.Corbo/^ M. Cordelli/^ C.A. Cox/ D.J. Cox/ F. Crescioli9ff/2 

^ J. Cuevas^9 R. Culbertson/^ D. Dagenhart/^ N. d'Ascenzo'"/^ M. Datta/^ P. de Barbaro/'"^ M. DeirOrso99/2 

^ L. Dcmortier/*^ M. Deninno/ F. Devoto/i M. d'Errico^-'/o A. Di Cantons /2 ^ Y)\ Ruzza/^ J.R. Dittniann,^ 

^ M. D'Onofrio/^ S. Donati9fi'/2 p^ Dong/'"^ M. Dorigo,^" T. Dorigo/° K. Ebina,^'' A. Elagin/^ A. Eppig/2 

^ R. Erbachcr/ S. Errede/2 N. Ershaidat'''^/^ R. Eusebi/^ S. Farrington/^ M. Feindt/"* J.P. Fernandez/^ 

^ R. Field/6 q Flanagan"/^ R. Forrest/ M.J. Frank/ M. Franklin/" J.C. Freeman/^ Y. Funakoshi/"* I. Furic/'^ 

^ M. Gallinaro/6 J.E. Garcia/^ A.F. Garfinkcl/^ R Garosi'''*/2 h. Gerberich/2 E. Gerchtein/5 S. Giagu/^ 

r— I V. Giakoumopoulou/ P. Giannetti/2 K. Gibson/^ CM. Ginsburg/^ N. Giokaris/ P. Gironiini/^ G. Giurgiu/^ 

^ V. Glagolev/3 D. Glenzinski/^ M. Gold/^ D. Goldin/^ N. Goldschmidt/6 A. Golossanov/^ G. Gomez/ 

I G. Gomez-Ceballos/o M. Goncharov/o O. Gonzalez/^ I. Gorelov/^ A.T. Goshaw/^ K. Goulianos/^ S. Grinstein/ 

§^ C. Grosso-Pilcher/i R.C. Group-"/^ J. Guimaracs da Costa/" S.R. Hahn/^ E. Halkiadakis/* A. Hamaguclii,^^ 

^ J.Y. Han/5 y. Happacher/^ K. Hara/^ D. Hare/* M. Hare/2 R.F. Harr/^ K. Hatakeyama/ C. Hays/^ M. Heck/^ 

' ' J. Heinrich/i M. Herndon,^^ g Hewamanage/ A. Hooker/^ W. Hopkins^/s D. Horn/^ S. Hon/ R.E. Hughes/^ 

1-H M. Hurwitz/^ U. Husemann,'"''^ N. Hussain/^ M. Hussein/^ J. Huston/^ G. Introzzi/2 M. lori^^/'^ A. Ivanov^/ 

> E. James/s D. Jang/° B. Jayatilaka/^ E.J. Jeon/^ S. Jindariani/^ M. Jones/^ K.K. Joo/^ S.Y. Jun/" 

^ T.R. Junk/'"^ T. Kamon25/9 p.E. Karchin,'^^ ^ Kasmi/ Y. Kato°/8 w. Ketchum/i J. Keung/i V. Khotilovich/^ 

00 B. Kilminster/5 D.H. Kim/^ H.S. Kim/^ J.E. Kim/^ M.J. Kim/^ S.B. Kim/^ S.H. Kim,^! Y.K. Kini/i 

in Y.J. Kim/5 j^ Kimura/4 M. Kirby/^ S. Klimenko/" K. Knoepfel/^ K. Kondo/^^ D.J. Kong/^ J. Konigsberg/^ 

Cn A.V. Kotwal/4 M. Kreps/^ J. Kroll/^ D. Krop/^ M. Kruse/^ V. Krutelyov/*^ T. Kuhr/* M. Kurata/^ 

O S. Kwang/i A.T. Laasancn/"* S. Lami/2 S. Lammel/^ M. Lancaster/* R.L. Lander/ K. Lannon?'/^ A. Lath/* 

^ G. Latino'''^ /2 T. LeCompte/ E. Lee/^ H.S. Lee«/i J.S. Lee/^ S.W. Lee''^49 S. Leo9ff/2 S. Lconc/2 J.D. Lewis/^ 

•• A. Limosani*/4 C.-J. Lin/^ M. Lindgren/^ E. Lipeles/i A. Lister/* D.O. Litvintsev/^ C. Liu/^ H. Liu,'" Q. Liu/^ 
"^ T. Liu/5 S. Lockwitz,57 A. Loginov/'^ D. Lucchesi^//" J. Lueck/" P. Lujan/^ P. Lukens/^ G. Lungu/^ J. Lys/^ 

R. Lysak^i2 r Madrak/^ K. Maeshima/^ P. Maestro'*'* /2 S. Malik/" G. Manca'*/^ A. Manousakis-Katsikakis/ 
^ F. Margaroh/^ C. Marino/'' M. Martinez/ P. Mastrandrea/^ K. Matera/2 M.E. Mattson/^ A. Mazzacane/^ 

P. Mazzanti/ K.S. McFarland/^ P. Mclntyre/^ R. McNulty^^^ A. Mehta/^ P. Mehtala/^ C. Mesropian/" 
T. Miao/5 D. Miethcki/2 A. Mitra/ H. Miyake/^ S. Moed/^ N. Moggi/ M.N. Mondragon^/^ C.S. Moon/5 
R. Moore/5 j^/j j Morello"/2 J. Morlock/"* P. Movilla Fernandez/5 A. Mukherjee/5 Th. MuUer/"* P. Murat/5 

M. Mussini'^%" J. Nachtman"/5 Y. Nagai/^ J. Naganoma/'' L Nakano/"^ A. Napier/2 J. Nett/^ C. Neu/^ 

M.S. Neubauer/2 J. Nielsen''/" L. Nodulman/ S.Y. Noh/5 O. Norniella/2 L. Oakes/^ S.H. Oh/"* Y.D. Oh/5 

L Oksuzian/3 T. Okusawa/* R. Orava/i L. Ortolan/ S. Pagan Griso^-^/" C. Pagliarone/" E. Palencia^/ 

V. Papadimitriou/5 A.A. Paramonov/ J. Patrick/5 q_ Pauletta*''' /" M. Paulini/" C. Pans/" D.E. Pellett/ 

A. Penzo/" T.J. PhiUips/^ G. Piacentino/2 E. Pianori/^ J. Pilot/" K. Pitts/2 C. Plager/ L. Pondrom/" 

S. Poprocki9/5 K. Potamianos/'' F. Prokoshin'^/i^ a. Pranko/" F. Ptohos'*/'^ G. Punzi9ff/2 A. Rahaman/^ 

V. Ramakrishnan/" N. Ranjan/'' L Redondo/^ P. Ronton/^ M. Rescigno/'^ T. Riddick/* F. Rimondi^*^/ 

L. Ristori''2/5 A. Robson/^ T. Rodrigo/ T. Rodriguez/^ E. Rogers/2 g Rolh^52 R. Roser/5 F. Ruffini'*'*/2 

A. Ruiz/ J. Russ/" V. Rusu/5 A. Safonov/^ W.K. Sakumoto/5 Y. Sakurai/" L. Santi'^'^/" K. Sato,5i 



X 



V. Saveliev"',i5 A. Savoy-Navarro'^'^/5 p Schlabach/^ A. Schmidt,^^ E.E. Schmidt, ^^ T. Schwarz,!^ L. Scodellaro,^ 

A. Scribano'''','*^ F. Scuri,42 S. Seidel,^^ Y. Seiya,^^ A. Semenov/^ p. Sforza'*'* ,42 S.Z. Shalhout,^ T. Shears,^^ 

P.F. Shepard,43 M. Shimojima'',^! M. Shochet," I. Shreyber-Tecker,^* A. Simoncnko,!-"' P. Sincrvo,^! K. Sliwa,^^ 

J.R. Smith,^ F.D. Snider,i5 A. Soha,!^ V. Sorin," H. Song,43 P. Squillacioti'''',42 M. Stancari,!^ R. St. Denis,!^ 

B. Stelzer,3i q Stelzer-Chilton,^! D. Stentz^,!^ J. Strologas,^^ G.L. Strycker,32 Y. Sudo,^! A. Sukhanov,!^ 

I. Suslov,i3 K. Takemasa," Y. Takeuchi,'^! J. Tang," M. Tecchio,32 P.K. Teng,i J. ThomS,!^ j. Thonie,io 

G.A. Thompson,22 E. Thomson,"*! P. Tipton,^'^ D. Toback,''^ S. Tokar,i2 K. Toncfson,^^ T. Tomura,^! D. Tonem,!^ 

S. Torre,!^ D. Torretta,!^ P. Totaro,''° M. Trovato",'*2 F. Ukegawa,^! S. Uozumi,25 A. Varganov,32 F. Vazquez™, ^^ 

G. Velev,i5 C. Vemdis,!^ M. Vidal,^'* I. Vila,^ R. Vilar,^ J. Vizan,^ M. Vogel,^^ G. Volpi,i^ P. Wagner,^! 

R.L. Wagner,i5 T. Wakisaka,^^ R. Wanny,« S.M. Wang,* A. Warburton,^! D. Waters,28 W.C. Wester III,^^ 

D. Whiteson^4l A.B. Wicklund,2 E. Wicklund,!^ S. Wilbur," F. Wick,24 H.H. Wihiams,*! J.S. Wilson,^^ 

P. Wilson,i5 B.L. Winer,^^ p. Wittichs,!^ S. Wolbcrs,!^ H. Wolfe,^^ T. Wright,32 ^ ^^ is 2. Wu,^ K. Yamamoto,^^ 

D. Yamato,^^ T. Yang,!^ U.K. Yang^" Y.C. Yang,25 W.-M. Yao,^'^ G.P. Yeh,*'"^ K. Yi",*^ J. Yoh,!^ K. Yorita,^'' 

T. Yoshida',3^ G.B. Yu,^'^ I. Yu,^^ S.S. Yu,^-'^ J.C. Yun,!^ A. Zanetti,5° Y. Zeng,*'^ C. Zhou,*'' and S. Zucchelh^'^^ 

(CDF CoUaborationt) 

^Institute of Physics, Academia Smica, Taipei, Taiwan 11529, Republic of China 

^Argonne National Laboratory, Argonne, Illinois 60439, USA 

"^University of Athens, 157 11 Athens, Greece 

^Instttut de Fisica d'Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona) , Spain 

^Baylor University, Waco, Texas 76798, USA 

''Istituto Nazionale dt Fisica Nucleare Bologna, ''^University of Bologna, 1-40127 Bologna, Italy 

''University of California, Davis, Davis, California 95616, USA 

^University of California, Los Angeles, Los Angeles, California 90024, USA 

'^Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 

^'^ Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA 

^'^ Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA 

^''Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 

'^'^ Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 

^'^Duke University, Durham, North Carolina 27708, USA 

''''Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 

''' University of Florida, Gainesville, Florida 32611, USA 

'^ Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy 

'^University of Geneva, CH-1211 Geneva 4, Switzerland 

'^Glasgow University, Glasgow G12 8QQ, United Kingdom 

'"^^ Harvard University, Cambridge, Massachusetts 02138, USA 

^'Division of High Energy Physics, Department of Physics, 

University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 

'^^ University of Illinois, Urbana, Illinois 61801, USA 

'''''The Johns Hopkins University, Baltimore, Maryland 21218, USA 

^'^Institut fiir Experimentelle Kemphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany 

''^Center for High Energy Physics; Kyungpook National University, 

Daegu 702-701, Korea; Seoul National University, Seoul 151-742, 

Korea; Sungkyunkwan University, Suwon 440-746, 

Korea; Korea Institute of Science and Technology Information, 

Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757, 

Korea; Chonbuk National University, Jeonju 561-756, Korea 

^''Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 

^''University of Liverpool, Liverpool L69 7ZE, United Kingdom 

^^ University College London, London WCIE 6BT, United Kingdom 

''^^ Centra de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 

''"'Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 

'^'institute of Particle Physics: McGill University, Montreal, Quebec, 

Canada H3A 2T8; Simon Eraser University, Burnaby, British Columbia, 

Canada V5A 1S6; University of Toronto, Toronto, Ontario, 

Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3 

^^ University of Michigan, Ann Arbor, Michigan 48109, USA 

''^Michigan State University, East Lansing, Michigan 48824, USA 

'^''Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 

^^ University of New Mexico, Albuquerque, New Mexico 87131, USA 

^^The Ohio State University, Columbus, Ohio 43210, USA 



^^ Okayama University, Okayama 700-8530, Japan 

"^ Osaka City University, Osaka 588, Japan 

^^ University of Oxford, Oxford 0X1 3RH, United Kingdom 

'^"istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, ^'University of Padova, 1-35131 Padova, Italy 

'^'University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA 

^"^Istituto Nazionale di Fisica Nucleare Pisa, ®® University of Pisa, 

'^'^ University of Siena and "Scuola Normale Superiore, 1-56127 Pisa, Italy 

^''University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 

^'""^ Purdue University, West Lafayette, Indiana ^7907, USA 

''^University of Rochester, Rochester, New York 14627, USA 

^'^The Rockefeller University, New York, New York 10065, USA 

''''' Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 

■'■' Sapienza Universitd di Roma, 1-00185 Roma, Italy 

^^ Rutgers University, Piscataway, New Jersey 08855, USA 

■'^ Texas A&M University, College Station, Texas 77843, USA 

^^Istituto Nazionale di Fisica Nucleare Trieste/ Udine, 

I-34IOO Trieste, ''''University of Udme, 1-33100 Udine, Italy 

^' University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

^^ Tufts University, Medford, Massachusetts 02155, USA 

^'''University of Virginia, Charlottesville, Virginia 22906, USA 

^^ Waseda University, Tokyo 169, Japan 

^^ Wayne State University, Detroit, Michigan 48201, USA 

^^ University of Wisconsin, Madison, Wisconsin 53706, USA 

^"^Yale University, New Haven, Connecticut 06520, USA 

(Dated: March 1, 2013) 

We present a search for the standard model Higgs boson produced in association with a Z boson, 
using up to 7.9 fb^^ of integrated luminosity from pp collisions collected with the CDF II detector. 
We utilize several novel techniques, including multivariate lepton selection, multivariate trigger 
parametrization, and a multi-stage signal discriminant consisting of specialized functions trained to 
distinguish individual backgrounds. By increasing acceptance and enhancing signal discrimination, 
these techniques have significantly improved the sensitivity of the analysis above what was expected 
from a larger dataset alone. We observe no significant evidence for a signal, and we set limits on 
the ZH production cross section. For a Higgs boson with mass 115 GeV/c^, we expect (observe) a 
limit of 3.9 (4.8) times the standard model predicted value, at the 95% credibility level. 

PACS numbers: 14.80.Bn, 13.85.Rm 
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The Higgs boson is the remaining unobserved particle 
of the standard model (SM) [TH3] predicted by the Higgs 
mechanism, which is postulated to describe the origin of 
electrovifeak symmetry breaking and elementary particle 
masses. Direct searches at LEP and the Tevatron have 
excluded SM Higgs bosons with masses {mn) below 114.4 
GeV/c^ 4 and in the range 156 < tuh < 177 GeV/c^ 
jSj, respectively, at the 95% credibility level (CL). Recent 
results from the ATLAS and CMS experiments [3 [7] have 
extended the excluded range of masses to 127 < mn < 
600 GeV/c^ (at the 95% confidence level). 

Production of Higgs bosons at the Tevatron primarily 
proceeds through the gluon fusion mechanism, gg ^ H 
[S]. Low-mass Higgs bosons {mn < 135 GeV/c^) decay 
predominantly to a pair of b quarks, with a branching 
fraction of 79% (40%) 8J for tuh = 100 (135) GeV/c^. 
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Due to overwhelming QCD multijet production, low- 
mass searches with Higgs production via gluon fusion 
and H —> bb decay are not feasible. To overcome this 
difficulty, we utilize the associated production of a Higgs 
boson with a massive vector boson, where leptonic decays 
of the vector boson produce distinctive event signatures. 

This Letter presents a search for the SM Higgs boson 
using the ZH — ?> £~^£~bb process, where £ is an electron 
(e) or muon (/i). We search for events containing two 
oppositely-charged leptons consistent with the decay of 
a Z boson, and a hadronic signature consistent with the 
H ^ bb decay mode. Previous searches [HI [TO] by the 
CDF and DO collaborations have demonstrated that this 
final state provides good sensitivity to a Higgs boson sig- 
nal, primarily due to the ability of the experiments to 
reconstruct both the Z and Higgs bosons. We study data 
from pp collisions at y/s = 1.96 TeV recorded by the CDF 
n detector. We combine two independent analyses, one 
with Z — > e+e~ [11] and one with Z — >■ /x+/x~ [12], us- 
ing data corresponding to 7.5 and 7.9 fb~^ of integrated 
luminosity, respectively. 

The CDF II detector [TO] consists of silicon-based 
and wire-drift-chamber tracking systems immersed in a 
1.4 T magnetic field for particle momentum determina- 
tion. Surrounding the tracking systems are electromag- 
netic and hadronic calorimeters, providing coverage in 
the pseudorapidity [TO] range Irj] < 3.6. Additional drift 
chambers used for muon identification arc located in the 
outermost layer of the detector. 

The sensitivity of this updated analysis is enhanced 
by using several novel techniques following two general 
strategies: increasing acceptance and enhancing signal 
discrimination. To increase acceptance, we introduce ar- 
tificial neural networks (NNs) for lepton selection, and 
we also use several online event-selection (trigger) algo- 
rithms not previously used. Using a new technique, we 
are able to accurately model the combined behavior of 
these triggers, allowing access to ZH candidate events 
beyond the reach of the previous CDF searches. To en- 
hance signal discrimination, we form a multi-stage event 
discriminant organized to isolate ZH candidates from 
known SM and instrumental processes (backgrounds). 

To improve on standard cut-based lepton identifica- 
tion, we instead select leptons consistent with the decay 
of a Z boson by using several NNs. Each NN identifies 
individual electrons or muons, distinguishing them from 
both non-leptonic candidates and true leptons not orig- 
inating from Z decays. A single NN is used for muon 
identification, and is trained [15j to distinguish between 
true muons from simulated Z decays and misidentified 
muons from a data sample containing same-charge muon 
candidates. In events with Z — > fifj, decays well contained 
in the detector, the muon NN selection achieves a Z iden- 
tification efhciency of ~96%, while simultaneously reject- 
ing ~94% of the non-Z background. Detector geometry 
[TOl [T7] motivates three NNs for electron identification. 



One is optimized for identification in the pseudorapid- 
ity range |ry| < 1.1. The other two NNs are trained for 
the forward regions; one considers only candidates with 
a silicon-based track and the other considers candidates 
without such a track in the region 1.1 < jryj < 2.8. Com- 
pared to the selection utilized in previous searches, the 
electron NN has improved the rejection of jets misiden- 
tified as electrons by a factor of five. In total, the mul- 
tivariate lepton selection has increased the acceptance of 
the analysis by ~20% over previous searches [^. 

Complementary to the improved lepton identification, 
we add additional triggers that were not previously uti- 
lized in this analysis channel. Rather than using a single 
trigger with a threshold for muon px or electron Ej- for 
the respective Z selection, we consider any event selected 
by any trigger in three general sets. The first set includes 
several triggers that select events containing muon de- 
tector and drift chamber activity indicative of a high-pT 
muon [TOl [TO]. Included in this category may be trig- 
gers with lower px thresholds than the default muon trig- 
ger. The second set of triggers selects events with a large 
calorimeter-energy imbalance (missing transverse energy, 
f^T 12QJ). Some of these events contain muons that are 
not selected with the high-pT^ muon trigger, thereby in- 
creasing the acceptance of this analysis. A third set of 
triggers selects events with activity in the calorimeter 
suggestive of a high-£'T electron [5T]. By using these sets 
of triggers rather than just single triggers for each lep- 
ton type, we increase the event selection acceptance by 
^10%. To model the complicated correlations between 
kinematic variables used in the trigger selection described 
above, we use a novel technique that uses NN functions to 
parametrize trigger efficiencies as a function of kinematic 
observables [TT|[TO]. 

Utilizing the above strategies to increase acceptance, 
we select events containing opposite-sign [52] , same- flavor 
lepton pairs with mu in a window ([76, 106] GeV/c^) 
centered on the mass of the Z boson. Additionally, we 
require at least two jets [53] , with transverse energy Et > 
25 GeV for the leading jet, and Et > 15 GeV for all other 
jets. All jets are required to come from the central region 
of the detector, |?7| < 2.0. 

We define a pre-tag region (PT) before applying b- 
quark jet identification, consisting of events with a re- 
constructed Z boson and two or more jets passing the 
criteria described above. We observe 33 975 events in 
the PT region, and expect a total background yield of 
34 200 ± 4800 events, where the quoted uncertainty in- 
cludes both systematic and statistical contributions. We 
expect 13.6 ± 1.1 ZH signal events in the PT region, for 
niH = 115 GcV/c^. The dominant process in the PT re- 
gion is Z-l-hght-flavor (LF) jets (u, d, s, and gluon jets), 
accounting for ^ 85% of the total background. Z-|- heavy- 
flavor (HF) (6 and c) jets events, which contribute less 
than 10% of the background, are a small contribution 
in the PT region, but become relatively more significant 



in the signal regions. These processes are modeled us- 
ing ALPGEN [24] to simulate the hard-scatter process, 
and PYTHIA [25] for the subsequent hadronization. The 
Z+jets processes are simulated at leading order and re- 
quire a i^-factor of 1.4 [5S] for normalization to NLO 
cross sections. Other small backgrounds include diboson 
{ZZ, WZ, and WW) events and tt events, simulated en- 
tirely with PYTHIA normalized to NLO |27j and NNLO 
[55] predictions, respectively. Finally, other processes, 
such as QCD multijet production, can produce two se- 
lected leptons in the event. For muon events, this back- 
ground is modeled using same-charge muon pairs from 
data. For electron events, we measure the rate of jets 
passing the electron NN using collision data to estimate 
the contribution from these processes. This background 
accounts for ~3% of the background in the PT region. 

We utilize two different &-quark-identifying algorithms 
to search for jets consistent with the H ^ bb decay. The 
secondary vertex algorithm (SV) [29] identifies jets con- 
sistent with the decay of a long-lived b hadron by search- 
ing for displaced vertices. The SV algorithm has both a 
tight and a loose operating point - the loose point has 
better &-jet identification efficiency but also has a higher 
rate of jets incorrectly identified as b jets. The jet prob- 
ability (JP) algorithm [30| uses track impact parameters 
relative to the primary vertex to construct a likelihood 
for all jet tracks to have originated from the primary ver- 
tex. Both algorithms have imperfect rejection of c-quark 
jets, allowing some events containing them to contribute 
to the final signal regions. 

We use the combination of the two highest-ii^T jets to 
form potential Higgs boson candidates. We use a hier- 
archy of tag combinations to define three independent 
signal regions. We first search for events with two tight 
SV tags - defining the double-tag (DT) region, the most 
sensitive. A second signal region includes events with one 
loose SV tag and one JP tag (LJP), and the third con- 
tains events with just one tight SV tag (ST). These three 
regions are combined to search for ZH production. Ta- 
ble |l] shows the expected numbers of events for the signal 
and background processes, as well as the observed data. 

In this analysis, we use a one-dimensional signal dis- 
criminant while maintaining the simultaneous separation 
of ti and ^-|-jets events from the ZH signal that was 
previously accomplished through a two-dimensional dis- 
criminant [9]. This method also further enhances signal 
discrimination by using two additional NNs in a multi- 
stage method, as described below. 

We first train a NN signal discriminant, using several 
kinematic variables such as the dijet mass and fix, to 
distinguish the signal-like (trained with ZH simulated 
events) and background-like (trained using a mixture of 
all background processes) events. Each data and simu- 
lated event is sent through the same signal discriminants, 
with a unique function optimized for 11 different Higgs 
mass hypotheses, defined in increments of 5 GeV/c^ be- 



TABLE I: Expected background and observed data events 
for the three independent signal regions. Also shown is the 
expected number of ZH signal events, for a SM Higgs boson 
with ruH = 115 GeY/c^. Quoted uncertainties include both 
systematic and statistical contributions. 



Process 



ST 



LJP 



DT 



^-l-LF, Z + CC 


683 ± 65 


61 ± 9 


7.6 ± 1.2 


Z + bb 


287 ± 72 


58 ± 15 


42 ± 10 


tt 


69 ± 7 


29 ± 2 


26 ± 3 


Diboson 


42 ± 3 


9.5 ± 0.7 


6.7 ± 0.6 


Other 


46 ± 12 


3.4 ± 0.3 


0.2 ± 0.1 



Background 


1127 ± 134 


160 ± 23 


82 ± 15 


Data 


1143 


160 


85 


ZH (Predicted) 


4.5 ± 0.4 


1.8 ± 0.1 


1.7 ± 0.1 



tween 100 and 150 GeV/c^. 

The multi-stage method defines three samples (I, II, 
III) where events can enter the final distributions used 
for limit setting. The first step involves separating tt 
and Z-|-jets events. This is done using a NN function 
trained to separate these specific processes. A cut on 
the output of this discriminant is chosen to define a it- 
enhanced sample (Sample I). Events which fail this cut 
and fall into Samples II or III are passed through a second 
NN function trained to separate b jets from charm and 
light fiavor jets 31j. A cut on the output of this flavor 
separator function defines a sample containing mainly 
Z + CC and Z+LF backgrounds (Sample II), and a region 
enriched in b jets (Sample III). 

This multi-stage approach produces final output dis- 
tributions with three samples enriched in various back- 
ground processes, as seen in Fig. [l] where we add (0, 1, 
2) to the signal discriminant output score for each event 
when the event falls in Sample (I, II, III) as described 
above. By enhancing the signal discrimination in this 
way, we increase the sensitivity of the analysis by ^10% 
over the technique used in Ref. [S]- We use these distri- 
butions to set limits on the ZH production cross section 
times H ^ bb branching ratio. 

We evaluate several systematic uncertainties on the 
background and signal events. A large source of system- 
atic uncertainty arises from the cross section values used 
in the normahzation of events: 40%, 10%, 6%, and 5%, 
for Z-I-HF [32], ti, diboson, and ZH simulated events, 
respectively. An uncertainty of (1, 2, 5)% is applied to 
the (ST, LJP, DT) ZH samples after measuring changes 
in acceptance using simulated events with more or fewer 
particles radiated by the incoming and outgoing partons. 
The mistag prediction is measured using data, and car- 
ries an uncertainty ranging from 13.5% (ST) to 28.8% 
(DT), depending on the tag category. To account for 
differing 6-jet identification efficiencies in data and sim- 
ulated events, uncertainties of 5.2% (ST), 8.7% (LJP), 
and 10.4% (DT) are applied to the 6-tagged samples. A 
6% uncertainty is applied to simulated events, account- 







i;igZHx25 HZ+qq, Z- 


S '20 
d 

m 100 

1 

UJ 80 


r ST 


1 


60 


- 


i i 


40 
20 


1^1 


h. K 


4: 


0.5 1 


1.5 _ ..-■ 3 





ESZ+bb 


□ Top 


□ Diboson 


o 20 
° 18 


[ UP 








^ 






12 


^ 






10 


^ 


-1 




8 
6 


ll 


111, : 


1 ll J^ 


4 
2 


f^tttitit • 


"■■ .'. ■ 


"i 


0.5 1 





I other 



Data 




Discriminant Output 



Discriminant Output 



Discriminant Output 



FIG. 1: Final discriminant output distributions for the three tag categories (ST, LJP, DT) used in this analysis. The distri- 
butions shown are for the discriminant trained on mn = 115 GeV/c^ signal events. The ZH signal is shown, for mn = 115 
GeV/c^, and drawn scaled up by a factor of 25. 



ing for uncertainty in the measurement of integrated lu- 
minosity. The trigger model applied to simulated events 
requires a 5% normalization uncertainty. We also apply 
uncertainties on the lepton reconstruction efficiency and 
energy measurement of 1% and 1.5%, respectively. For 
muons (electrons), we measure a 5% (50%) uncertainty 
on the normalization of the remaining background pro- 
cesses, based on differences in the rates of events contain- 
ing same-charge and opposite-charge lepton pairs and in 
the rates of jets misidentified as electrons. 

In addition, we account for sources of uncertainty that 
also include shape variations to account for the migra- 
tion of events in the final signal discriminant distributions 
when fluctuating these shape-defining quantities within 
their uncertainties. These include uncertainties on the 
jet energies [33] as well as on the expected rate oi Z + 
mistag events. 

Comparing the observed data to our background pre- 
diction including uncertainties, we do not find any evi- 
dence of a ZH signal. We set upper limits on the ZH 
production cross section times H ^ bb branching ratio 
using a Bayesian algorithm |34| , assuming a uniform prior 
on the signal rate. We do this by performing simulated 
experiments, each with a pseudo-dataset generated by 
randomly varying the normalizations of background pro- 
cesses within their respective statistical and systematic 
uncertainties, taking into account all background expec- 
tations in the absence of a signal. Each simulated ex- 
periment produces an upper limit on the ZH production 
cross section. The median of the 95% CL upper limits 
from the simulated experiments is taken to be the ex- 
pected 95% CL upper limit of the analysis. We define the 
1-sigma and 2-sigma deviations on the expected limit as 
the bounds which contain 68.3% and 95.5%, respectively, 
of the simulated experiment results. The observed data 
distribution is used to set the observed limit in a sim- 
ilar fashion. These limits are shown graphically, along 
with the 1-sigma and 2-sigma ranges, in Fig. [2] We find 
that the observed limit is in good agreement with the 
expected limit for no signal, within the 1-sigma range 



TABLE 11: Expected and observed 95% CL limits on the ZH 
production cross section times H ^ bb branching ratio, rel- 
ative to the expected standard model value, for each Higgs 
mass (in GeV/c^) hypothesis. 



rriH 


100 
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115 


120 


125 


130 


135 


140 145 150 


Exp. 
Obs. 
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4.8 


4.7 
5.4 


5.5 
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FIG. 2: Limits on the Higgs boson production cross section 
times the H —^ bb branching ratio, given as a ratio to the 
standard model expected value. 



across all Higgs mass hypotheses. 

In conclusion, we have performed a search for the stan- 
dard model Higgs boson in the process ZH — )■ £~^£~bb. 
The sensitivity of this analysis has improved due to sev- 
eral new multivariate techniques, including multivariate 
lepton identification, the use of NNs to obtain trigger 
efficiencies for simulated events, and a novel multi-stage 
discriminant approach used to enhance signal discrimina- 
tion. We observe no significant excess and set an upper 
limit on the ZH production cross section times H ^ bb 
branching ratio. We expect (observe) a limit of 3.9 (4.8) 
times the standard model predicted value, for a Higgs bo- 
son with mass mn = 115 GeV/c^, at the 95% CL. The 
novel techniques presented here improve the sensitivity 
of the analysis by ~25% above the gain expected from 
the ~85% larger dataset. 
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